Magnetic resonance (MR)-high-intensity focused ultrasound (HIFU) is an innovative, noninvasive tumour ablation technique. MR imaging and focused ultrasound are combined allowing real-time anatomic guidance and temperature mapping during treatment. Recently, the volumetric ablation approach has been introduced in order to reduce treatment length and provide more homogeneous tumour ablation. After successful treatment of uterine fibroids, MR-HIFU is currently being investigated for the treatment of malignant tumours. Palliative treatment of painful bone metastases is already applied in clinical practice. Several issues need to be further investigated for successful cancer treatment with MR-HIFU, including patient selection criteria, definition of treatment margins and optimal transducer technology.
Introduction
Magnetic resonance (MR)-guided high-intensity focused ultrasound (HIFU) is a noninvasive treatment modality that combines real-time MR imaging for tumour targeting and focused ultrasound beams for thermal ablation [1] . The ultrasound beams originate from multiple piezoelectric transducer elements (phased arrays) integrated in an MR-compatible tabletop (Fig. 1) . The phased array design facilitates precise targeting and focus shaping, important for the treatment of large and complex tumour volumes [1] . The highly focused ultrasound beams are propagated through tissue layers as high-frequency pressure waves and have the ability to pass tissue without being absorbed. In the focal point of the convergent ultrasound beams, the acoustic energy is converted to thermal energy, leading to localized thermal tissue ablation. Increase in tissue temperature beyond 5760 C leads to denaturation of cell proteins sufficient to cause coagulative necrosis [2, 3] . As a noninvasive tumour ablation technique, MR-HIFU has the ability to locally treat malignancies without damaging healthy surrounding tissue in cancer patients. It is therefore expected that MR-HIFU will revolutionize cancer treatment in the next decade [1, 4] . In this article we provide an overview of the development of MR-HIFU for noninvasive tissue ablation, different MR-HIFU techniques and potential applications of MR-HIFU for treatment of breast and bone malignancies.
Development of MR-HIFU for noninvasive tissue ablation
The concept of thermal tumour ablation with focused ultrasound beams was initially proposed more than 50 years ago [5] . Much preclinical work was started [4, 6, 7] , but translation to treatment of clinical patients remained unattainable due to technical problems. The most important technical challenges were the lack of image guidance for soft tissue visualization and the inability to monitor temperature accurately during treatment [7] . The introduction of MR imaging in combination with HIFU in the 1990s, made controlled thermal ablation possible and was therefore crucial for the translation to clinical practice [8, 9] . In addition to excellent soft tissue visualization, MR imaging facilitates thermal mapping within the targeted tumour in a quantitative manner [1] . The first clinical study with MR-HIFU was the treatment of patients with breast fibroadenomas [10] . This feasibility study was followed by important improvements in thermometry and transducer technology [7] . The first commercially available MR-HIFU system (ExAblate 2000, InSightec, Haifa, Israel) was approved by the US FDA in 2004 for the treatment of benign uterine fibroids [6] . Since then, multiple studies have demonstrated the safety and clinical effectiveness of MR-HIFU for treatment of patients with symptomatic uterine fibroids [1114] .
MR-HIFU technique
MR-HIFU as performed by the InSightec ExAblate 2000 system consists of iterative sonications within the targeted volume, producing small cigar-shaped treatment cells, with each sonication followed by a cooling period. To completely ablate the targeted volume, overlapping small individual lesions must be produced [15] . In this method, only a limited proportion of the applied energy is used for the actual ablation, since a large part of the energy is lost through heat diffusion. Therefore, single point ablation remains inefficient and time consuming. Another important disadvantage of single point ablation is inhomogeneous heat distribution [15] . In order to increase treatment efficiency, the Sonalleve MR-HIFU system (Philips Healthcare, Vantaa, Finland) was designed (Fig. 1) . This system uses a volumetric ablation technique. In volumetric ablation, the focal spot is continuously moving outwards and in a spiral wise fashion resulting in larger and more homogeneously ablated volumes than in single point ablation [15] . The treatment cell volume can be chosen by the operator: 4, 8, 12 or 16 mm treatment cell diameters (with corresponding volumes of 0.1, 0.6, 2.3, and 5.4 ml, respectively). Another improvement of the Sonalleve system is the real-time temperature monitoring by closed loop feedback, resulting in automatic temperature control while sonicating [16] . If the measured temperature profile reaches a certain user-predefined threshold, the sonication is automatically stopped, preventing under-or overtreatment [17] .
MR-HIFU for oncologic applications
Radical tumour removal is critical for curative cancer treatment. To compete with oncologic surgery, MR-HIFU thermal ablation should secure 100% complete tumour necrosis. This remains one of the biggest and most important challenges for MR-HIFU thermal ablation. Several factors are important to attain complete tumour destruction, including optimal imaging technology, treatment protocols for different tumour types and organs, use of treatment margins, and optimal patient selection [18, 19] . In order to identify oncologic patients likely to benefit from MR-HIFU treatment in a curative setting, treat-and-resect studies are required in which the efficacy of the MR-HIFU treatment is histopathologically confirmed.
MR-HIFU for breast cancer
After the study on fibroadenomas by Hynynen et al. [10] a case report on the first MR-HIFU treatment of a patient with biopsy-proven invasive breast cancer was published by Huber et al. [17] . Only a limited tumour volume was treated, and analyzed microscopically after consecutive breast conserving surgery. Histological analysis showed 
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some lethal but mostly sublethal tumour damage within the treated volume. In 2003, Gianfelice et al. [18] reported the first prospective study of MR-HIFU for breast cancer. In this treat-and-resect study, 12 patients diagnosed with invasive breast cancer underwent MR-HIFU treatment followed by resection. Histopathological analysis revealed a mean tumour necrosis rate of 88%. Tumour margins were viable in all cases, indicating the need for larger (45 mm) safety margins. Similar results were obtained in another study by the same study group in a treatand-resect study in 17 patients with invasive breast cancer [19] . No residual tumour was found in only 4 patients and less than 10% residual tumour was found in 9 patients. In the remaining 4 patients, the residual tumour rate ranged between 30 and 75%. In addition, this study showed that dynamic contrast-enhanced MR imaging (DCE-MRI) is a reliable method for the prediction of residual tumour presence after MR-HIFU treatment. In 2005, Zippel et al. [20] described the results of a small study of 10 patients with breast cancer treated with MR-HIFU 1 week prior to lumpectomy. Complete 100% necrosis was seen in 2 patients (20%) only. It was thereafter concluded that several problems need to be addressed before MR-HIFU can be implemented for breast cancer treatment in clinical practice. In 2006, Khiat et al. [21] assessed the effect of post-treatment delay of DCE-MRI imaging on the evaluation of response after MR-HIFU treatment of breast cancer. They recommended a 7-day interval to determine treatment efficacy, since inflammatory changes, oedema, fibrosis and necrosis can resemble malignant processes on imaging. Furusawa et al. [22] presented improved results of MR-HIFU for breast cancer in another treat-and-resect study of 30 breast cancer patients. On histopathological analysis they found 97% tumour necrosis on average and even 100% tumour necrosis in 15 patients. In 2007, the same study group published the results of MR-HIFU treatment for breast cancer in 21 patients with invasive and noninvasive ductal carcinoma [23] . After treatment, patients received 3-monthly breast ultrasound and MR imaging. Mean follow-up was 14 months. In most patients (95%) no recurrence was found.
In general, it can be concluded that these results are rather disappointing and will be insufficient to support clinical application of breast MR-HIFU. The main disadvantages of previously conducted studies included: (1) no uniform patient selection criteria; (2) no defined treatment margins; (3) no dedicated breast MR-HIFU system. Therefore, a prototype of a dedicated breast MR-HIFU system has been developed by Philips Healthcare and is currently installed in the University Medical Center Utrecht, The Netherlands.
MR-HIFU for bone metastases
MR-HIFU has recently been proposed as a safe and viable alternative technique for treatment of patients with painful bone metastases refractory to radiotherapy [2426] . Bone pain is a common event in patients with skeletal metastases, leading to immobility and decreased quality of life in cancer patients. In addition to pain medication, palliative radiotherapy is the standard of care for patients with uncomplicated localized metastatic bone pain [27] . Palliative radiotherapy is effective in around 6070% of patients, and only around 30% of responding patients are totally pain free [28] . However, radiotherapy is not effective in all patients and the effect is often temporary as pain relapse occurs in around 50% of patients [29] . Reirradiation is the current treatment for those patients, yielding approximately the same efficacy as initial radiotherapy [3033] . Since bone absorbs approximately 50 times more acoustic energy than soft tissue, it can easily be heated with MR-HIFU [34, 35] . Applying acoustic energy with MR-HIFU on the bone surface will result in bone cortex heating, indirectly ablating the adjacent periosteum and tumour tissue. The periosteum is considered to be a major source of pain in patients with bone metastases and ablating the source of pain with MR-HIFU may produce fast and long-lasting pain relief [36] . To date, three prospective cohort studies of MR-HIFU for painful bone metastases have been published; an overview of these studies is provided in Table 1 . The first experience of MR-HIFU for treatment of metastatic bone pain was reported by Catane et al. [24] in 2007. They describe the use of MR-HIFU ablation for treatment of 14 painful metastatic bone lesions in 13 patients. One patient was unable to tolerate sonication-related pain. No other adverse events were reported. At the 3-month follow-up, improvement in both pain score and dosage of pain-reducing medication was found in all patients. Unfortunately, response rate was not quantified. Another feasibility study followed in 2008, reported by Gianfelice et al. [25] . In this study, 11 patients with metastatic bone pain were treated by MR-HIFU ablation. One patient reported complete pain relief 3 days after treatment and in the remaining patients pain relief was seen at around 14 days after treatment. Pain relief increased during follow-up with an overall response rate of 100% at 3 months. Overall and complete response rates at 1 and 3 months are provided in Table 1 . No treatmentrelated adverse events were recorded. In the same year, a multicentre study on 31 patients with painful bone metastases was published by Liberman et al. [26] . All patients except two tolerated the MR-HIFU treatment and no device-related severe adverse events were recorded. In over 50% of patients, substantial pain relief was seen 3 days after treatment. Overall response rate at 3 months was 72%, and 36% of patients obtained complete response.
In all studies, the InSightec ExAblate 2000 system was used and patients were generally treated only once. Lesions in the spine, ribs and skull were not treated as this is regarded as unsafe at the moment because of the close proximity of the spinal cord, brain and lungs, respectively. Interestingly, in all studies lesions were mostly located in the iliac bones. Pain relief seems to occur relatively fast following treatment, as opposed to radiotherapy which may take up to 4 weeks [29] . Lytic as well as osteoblastic lesions were treated in all studies. Although data are limited, Liberman et al. [26] found that MR-HIFU is equally effective in achieving pain palliation in both lesion types. Overall, these initial studies indicate that MR-HIFU is a safe and effective treatment although all studies were published by the same study group. To define the exact nature and extent of possible adverse events and the effectiveness of the treatment, more extensive research (5) Sacrum (4) Colorectal (2) Femur (1) Lung (1) Scapula (2) Other (6) Humerus (1) Clavicula (1) Abbreviations: OR, overall response; CR, complete response.
a The listed response rates are derived from the articles using the Update of the International Consensus on Palliative Radiotherapy Endpoints for Future Clinical Trials in Bone Metastases [37] . OR is defined as pain score of 0 without analgesic increase; CR is defined as pain reduction 2 without analgesic increase or analgesic reduction 25% without pain increase. 
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is needed. In the near future, a prospective study on MR-HIFU for pain palliation in radio refractory bone metastases will start in the University Medical Center Utrecht, where patients are already being treated in a clinical setting (Fig. 2) . Treatments are performed by means of the Philips Sonalleve system, which has recently obtained CE labelling for this specific application.
Conclusion
MR-HIFU is a unique noninvasive tumour ablation technique because of the combination of focused ultrasound with real-time MR guidance. Recently, the volumetric ablation technique has been proposed to enhance treatment efficacy. Volumetric ablation results in larger and more homogeneously ablated volumes than single point ablation. The first applications of volumetric MR-HIFU for treatment of cancer patients will be in the area of breast cancer treatment and palliative treatment of bone metastases.
